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TROY W. BARBEE, JR. 
Lawrence Livermore National Laboratory 

Livermore, CA 94550, USA 
INTRODUCTION 

There are many physical characterization approaches’ which evaluate a limited set of structural elements in 
multilayers: they study a single interface2”‘4; 
a multilayer5.6. 

they study a single layer of material; they study a very small sample of 
On a broader basis, the interference phenomena on which the performance of x-ray optic multilayers 

is based integrates over the full area/volume7,8,9 of the multilayer illuminated. In order to gain understanding of the 
impact of imperfections on multilayer performance it is necessary to develop an experimental approach that provides 
detailed information about the effects of interfaces in the multilayer obtained when the multilayer is being applied in 
a manner directly related to application. Additionally, it is also of interest to determine the breadth of application of 
any such experimental approach to the general study of interfaces in solids. 

The primary goal in this research was to develop an experimental methodology to quantitatively 
characterize both the physical and electronic characteristics of interfaces in multilayer structures The approach was 
to fabricate multilayers from three elements so that one monolayer or less thick “marker layers” were selectively 
deposited on a given set interfaces in the multilayer. These “marker layers” could then interrogated by scattering and 
fluorescence techniques for their distribution, for their atomic arrangements relative to the thicker layers and for 
their electronic state at the interfaces as affected by the thicker layer materials. WC/C multitayers with one 
monolayer (2.33 A) of tantalum at the WC on C and the C on WC interfaces were fabricated and studied. Ta was 
selected as the marker layer material as its L; absorption edge is at 9879 eV, more than 300 eV less than the W L3 
edge at 10200 eV. Reflectivities at.9850 eV, 9879 eV and 9950 eV were measured: Ta layers standing wave 
fluorescence on the multilayer Bragg peak at these energies and fluorescence EXAFS of the Ta layers were also 
obtained. These results are modeled and the implications of the results for x-ray optic structures and the study of 
buried interfaces in solids discussed. 

EXPERIMENTAL DESIGN AND SAMPLE FABRICATION 
It is well known that at the Bragg peak a x-ray standing waver’ is established in a periodic structure such 

as a multilayer. At fixed x-ray wavelengths this standing wave sweeps a distance of half the multilayer period 
through the multilayer as the Bragg p eak is scanned in angle space. The nodes and anti-nodes of this standing wave 
field sweep over the interfaces and, in principle, provide a probe for sampling the interface structure. Samples in this 
study were designed to determine the effects of interface imperfection on mutlilayer performance using this 
characteristic of the diffraction process. The objective with these samples was to determine the impact of 
imperfection position on the two interfaces characteristic of multilayers on performance. A second objective was to 
extend the experiments demonstrate the capability to study atomic arrangements and electronic structure at 
interfaces. 

In the following a.set of samples with a monolayer thick marker layer deposited at specified interfaces that 
may be fluoresced by the standin g wave field as it sweeps through the mutlilayer are described and experimental 
results obtained at the Stanford Synchrotron Radiation Laboratory BL - 10 reported. Two (No’s 110 & 111) special 
multilayers designed to use the standing wave to sample interface structure were fabricated and characterized. The 
multilayers were synthesized using standard magnetron sputter deposition techniques from carbon (C), tungsten 
carbide (WC) and tantalum (Ta) and had 60 periods of 32.28 8, (110) and 32.78 A (111). The structures synthesized 
are: 

No. 110 - (111) Silicon Substrate/CiTalWCiCITa/WCICITa/....../Ta/WC/C/Ambien t 
No. 111 - (111) Silicon SubstratelC/LVC/Ta/C/WC/Ta!C/WC/Ta/....../WC/Ta/C/Ambient. 

The design layer thicknesses deposited are tc = 15.9 A, twc = 15.6 8, a n d t ra = 2.33 A. It is expected that the Ta will 
react with 1.25 A of the carbon to form TaC resulting in the observed multilayer periods. The selection of these 
materials was made on the basis of three materials properties. First, WC is the highest carbon containing compound 
in the W/C binary system so that compositionally abrupt and potentially smooth interfaces are expected for the 
WC/C system. Second, it was expected that the Ta lvould react with the C to form TaC which is isostructural with 
WC. Third, and most important, the Lx absorption edges of Ta and W are 9881 eV and 10,207 eve respectively. 
This difference in the absorption edge energies of 326 eV made possible at the Stanford Synchrotron Radiation 
Laboratory’s BL - 10 scanning in angle of incidence of the first order Bragg peaks of these samples at photon 
energies below, at and abo\-e the L; edge of Ta at 9881 eV. In these experiments reflectivity was measured at 
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energies of 9850, 9879 and 9950 eV. Total standing wave fluorescence was also measured by placing a detector 
above and parallel to the multilayer surface and monitoring the fluorescent intensity as a function of angle of 
incidence at the same energies. The tantalum L lines will only be excited at energies at or above approximately 9881 
eV so that scans as described above will enable assessment of the effects absorbers/imperfections at specific 
interfaces in a x-ray optic multilayer. 

EXPERIMENTAL RESULTS AND MODELING 
X-ray reflectivity and standing wave experiments on multilayer samples were performed on BL 10-2 at the 

Stanford Synchrotron Radiation Laboratory at extreme grazing angles of incidence (0 to 3 deg.) by scanning angle 
at fixed photon energy or by scanning photon energy at fixed angle of incidence. There are strongly absorbing white 
lines on the L3.2 edges of Ta and W which dramatically enhance their effect on the reflectivity at those energies. The 
Ta L3 white line energy of 9879 eV used in the remainder of this paper was determined by performing an energy 
scan (EXAFS) at fixed angle of incidence over the energy range 9780 eV to 9980 eV and detecting the total 
fluorescent signal as shown in Figure 1. Multilayer reflectivities for sample No’s 110 and 111 were measured at 
incident x-ray energies of 9850 eV, 9879 eV and 9950 eV. These were selected as the Ta absorption increases in the 
order 9850 - 9950 - 9879 eV. The effect of Ta absorption could thus be determined at three mass absorption values 
resulting in a more reliable data set. 

ENERGY (eV) 

Experimental and calculated reflectivities at 9850 eV, 9879 eV and 9950 eV for Sample 110 are compared 
in Figure 2. These results show that the effect of the interfacial Ta monolayer in this multilayer is negligible. Very 
different results are found for Sample 111 where the Ta monolayer is placed at the other interface in the multilayer 
as shown by the experimental and calculated reflectivities presented in Figure 3. These properties are explained by 
calculations of the standing wave fields in these multilayer as shown in Figure 4. The Ta layers lie at the nodes of 
the standing wave field in Sample 110 and at the antinodes in Sample 111. This results in a strong absorption at the 
x-ray energies 8979 eV and 9850 eV for Sample 111. The important conclusion to be drawn here is that, for x-ray 
optics, control of the structure of one interface set in a multilayer is critical to performance. In this case, it is the WC 
on C interface. 

Since there is absorption in the Ta layer at 8979 eV which significantly impacts reflectivity there must also 
be Ta fluorescence which is determined by the distribution of Ta at the interfaces. The Ta fluorescence was detected 
using a 2 cm2 solid state ion chamber placed above and parallel to the sample surfaces. In Figure 5 the standing 
wave fluorescence generated by 8850 eV and 8979 eV x-rays is shown as a function of the angle of incidence on 
the samples. At 8850 eV the fluorescence from the two are essentially identical. At 8979 eV the signal from Sample 
111 is clearly larger and less affected by primary extinction as expected from the reflectivity data. Modeling of this 
SWF data enables experimental measurement of the distribution of the Ta normal to the interfaces in the multilayer. 
Additionally, the magnitude of the SWF signals in these experiments indicates that very small interfacial 

2 



L 

0.7 : 

0.6 : 

0.5 : 

0.4 : 

0.3 - 

0.195 0.200 0.205 0.210 0.215 0.220 0.225 

k (ii-‘) 

Calculated 
No. 110: 

0.8 
Si//C/Ta/WC/C/Ta/WC/..../C/Ta/WC/C/C// 

++, 0.6 

x 
> 0.5 

‘-s 
8 0.4 

3 0.3 

g 0.2 

0.1 

0.0 
0.190 0.195 0.2w 0.205 0.210 0.215 

k (A-‘) 

Figure 2 Experimental and Calculated reflectivities at 9850 eV, 9879 eV and 9950 eV for Sample 110 are compared. 
The Ta interfacial monolayer has essentially no effect on the reflectivity when at the WC on C interfaces. 
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Figure 3. Experimental and calculated reflectivities for Sample 111 showing the impact on the reflectivity due to 
the Ta monolayer at the C on WC interfaces. This Ta position is at the antinode of the standing wave in the 
multliayer where an absorber or an imperfection would have the largest effect on the reflectivity. 

concentrations can be detected and used to study interface atomic arrangements and electronic structure. This 
approach can be extended to fluorescence studies in the soft x-ray domain at energies less than 3 keV. 

DISCUSSION AND CONCLUSIONS 
The primary conclusion from these experiments is that the perfection of a specific set of interfaces in XR, 

SXR and EUV multilayers is crucial to their performance. In the work presented here an absorber, Ta, was applied 
as a representative imperfection at multilayer interfaces. Absorption in the Ta layers acted as the “imperfection” 
enabling the role of imperfection position in the multilayer to be demonstrated. Just as interesting is the potential 
that extrapolation of these observations to the study of buried interfaces holds. In this case the approach would be to 
decrease the concentration of the “marker element” to minimize its effects on the nature of the interfaces in the 
multilayer. 

Calculations for multilayers with 2.318, (1 monolayer[ml]), 1A (0.43 ml), 0.23A (0.1 ml), 0.18, (0.023 ml) 
and 0.023A (0.01 ml) of Ta at the interfaces were performed and showed that the effect of 0.01 monolayers is to 
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decrease the reflectivity by approximately 0.4%. The effect of 1 monolayer of Ta is to decrease the reflectivity by 
about 30%. The decrease in Ta absorption at 0.01 monolayers is therefore about a factor of 75. As stated earlier the 
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Figure 4. Calculated standing wave fields (S WF) in Samples 110 and 111 at the Bragg peak are shown. The Ta 
layers in Sample 110 fall at the nodes of the SWF thus minimizing their impact on the reflectivity. In contrast, the 
Ta layers in Sample 111 fall at the antinodes of the SWF maximizing their impact on reflectivity. 

Figure 5. Experimental standing wave 
fluorescence intensities for No’s 110 and 
111 at x-ray energies of 98.50 eV and 
9879 ev are shown as a function of k (= 
4n sinf3lh). The SWF at 9850 eV is 
essentially the same for 9850 eV x-rays. 
At 9879 eV No. 110 shows strong 
primary extinction on the Bragg peak as 
expected for an efficient structure. No. 
111 exhibits a strongly attenuated 
primary extinction that indicates there is 
a strong loss mechanism operating at 
8979 eV - absorption in the Ta layer. 
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detector used had an area of 2 cm’. The detector area can be increased by a factor of 50 to 100 cm2 so that the 
fluorescent signal from the 0.01 monolayer Ta structure will be greater than 25% of that from the 1 monolayer Ta 
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structure. This demonstrates that the “interfacial marker atom” approach can yield detailed atomic arrangement 
information at interfaces, chemical reaction data at interfaces at the atomic level and potentially, local electronic 
band structure characterization at interfaces. This exploratory modeling only applies to x-ray energies above 2 keV. 
Calculations of the reflectivity of a WC/C multilayer at 1 keV with 1 and 0.1 monolayer of copper at the interfaces 
were also performed. These calculations predicted a 6% absolute reduction in reflectivity at ‘1 monolayer Cu and 
0.8% at 0.1 monolayer. This again indicate that the “interfacial marker element” technique will be effective in the 
soft x-ray regime (0.4 to 2.0 keV). 

The calculations directed to the exploration of the breadth of application of the “interfacial marker 
layer/interfacial marker element” technique have demonstrated the feasibility of the application of these approaches 
to the experimental study of the atomic level nature of atomic arrangements at interfaces, of chemical interactions at 
interfaces and potentially of electronic band structure effects at interfaces. Electronic band structure effects will be 
accessible for the transition elements through stud white lines at their L 

IY 
3,2 edges as the strength of these edge 

features is directly t-elated to the d band occupancy in the 4th (SXR), 5th ( SXR and XR) and 6th (XR) rows of the 
Periodic Chart. These opportunities are a direct consequence of the development of multilayer synthesis technology 
over the past two decades. This technology has made possible the conceptulization of monolayer scale control of 
composition in macroscopic samples. The world wide availability of intense scanning monochromatic x-ray and soft 
x-ray sources at synchrotrons such as the Stanford Synchrotron Radiation Laboratory is also clearly crucial as such 
experiments would not be feasible without such facilities. 

Therefore, the “interfacial marker tayer/interfacial marker element” technique has the clear potential to 
yield atomic level experimental data on the nature of interfaces in solids. Such results will be valuable to theorists in 
that they will provide a basis for existing and to be developed formalisms. I note that at the lowest interfacial marker 
element concentrations (< 0.0 I monolayer) this “experimental marker element” approach is a heterogeneous analogy 
to the homogeneous embedded atom’- theoretical methodology and, in principle, should provide a sound testing 
ground for that methodology. 
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